The corrosion behavior of ASTM A416 steel in alkaline electrolyte was investigated by electrochemical and surface analysis approaches, including X-ray photoelectron spectroscopy (XPS) and high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM). The power-law model was used to extract values for oxide film thickness from constant-phase-element (CPE) parameters obtained as functions of operating conditions. Calibration experiments showed that, despite different silicon content in nominally identical steels, different film thicknesses as observed by HAADF-STEM, and different impedance responses, three samples yielded a common value for ρ δ , an important parameter in the power-law model. Application of Monte Carlo simulations showed that values of both ρ δ and film thickness δ followed log normal distributions. Application of the power-law model allowed extraction of film thicknesses, yielding 2-6 nm for silicon-rich steel and 1-2 nm for silicon-poor steel. Electrochemical impedance measurements provide a means to interrogate electrochemical systems, yielding spectra that are influenced by properties of the system under study.
Electrochemical impedance measurements provide a means to interrogate electrochemical systems, yielding spectra that are influenced by properties of the system under study. [1] [2] [3] [4] For passivated metals subject to corrosive environments, the impedance spectra can provide information concerning the properties of the passive film. These spectra, however, typically reveal the influence of a distribution of time constants that can often be represented by a constant-phase element (CPE). The impedance for a film-covered electrode showing CPE behavior may be expressed in terms of ohmic resistance R e , a parallel resistance R || , and CPE parameters α and Q as
where ω is the frequency in units of s −1 . 5 When α = 1, the system is described by a single time-constant, and the parameter Q has units of capacitance; otherwise, Q has units of s α / cm 2 or F/s (1−α) cm 2 . 3, 4 Under conditions that (ω) α R || Q 1, Z = R e + 1 (jω) α Q [2] which has the appearance of a blocking electrode. The term R || in Equation 1 accounts for a resistance that may be attributed to current pathways that exist in parallel to the dielectric response of a film. The problem of interpretation of CPE parameters in terms of physical properties has attracted substantial attention. For example, Brug et al. 6 developed a relationship for capacitance in terms of CPE model parameters under the assumption that time constants were distributed along the surface of the electrode. Hsu and Mansfeld 7 developed a relationship under the assumption that time constants were distributed within a film in the direction perpendicular to the surface of the electrode. Jorcin et al. 8 used local electrochemical impedance spectroscopy (LEIS) to distinguish between CPE behavior associated with time-constant distributions along the electrode surface or in the direction perpendicular to the electrode surface.
Hirschorn et al. 9, 10 suggested that the time-constant distribution in a film can be expressed in terms of a modified power-law distribution of resistivity, given as ρ ρ δ = ρ δ ρ 0 + 1 − ρ δ ρ 0 ξ γ −1 [3] where ρ 0 and ρ δ are the boundary values of resistivity at the interfaces, such that ρ 0 > ρ δ . Under the assumption that
[4] * Electrochemical Society Fellow. z E-mail: meo@che.u.edu a relationship among the CPE parameters Q and α and the dielectric constant , resistivity ρ δ , and film thickness δ was found to be
α gδρ 1−α δ [5] where g = 1 + 2.88(1 − α)
2.375 [6] The corresponding expression for effective capacitance was given as C eff,PL = gQ (ρ δ 0 ) 1−α [7] The development of Equation 5 does not require values for the characteristic frequency; thus, the results depend only on the high-frequency data. In addition to the CPE parameters Q and α, C eff,PL depends on the dielectric constant and the smaller value of the resistivity ρ δ . While the dielectric constant may be known for some films, the value of ρ δ is not generally known. Thus, Equation 5 may be described as a single equation with two unknown parameters, δ and ρ δ . In spite of this difficulty, the power-law model for interpretation of CPE parameters has found application for oxide films on steel, 5 human skin, 5, 11, 12 and coatings, [13] [14] [15] and has even found commercial application. 16 Orazem et al. 17 addressed the difficulties in applying Equation 5 associated with uncertain values for the resistivity ρ δ . The usual approach is to estimate a value of ρ δ by performing a calibration experiment in which XPS is used to estimate film thickness for a coupon for which impedance measurements were made, 5, 18 apply Equation 5 to estimate ρ δ for an specified dielectric constant, and then to assume that this value of ρ δ applies for all other impedance measurements.
The system under study in the present work was an ASTM A416 steel in an alkaline electrolyte chosen to simulate the pore solution for a cementitious grout. The corrosion behavior of carbon steel in highly alkaline environment (pH> 12) is controlled by a passive iron oxide film. Montemor et al. 19 used Auger electron spectroscopy (AES) and X-ray photoelectron spectroscopy to study the effect of chloride (Cl − ) and fly ash on behavior of the passive film formed on steel in solutions simulating the concrete interstitial electrolyte. Their work suggested that the outermost layers of the passive films formed on the steel in cement paste solutions were essentially composed of FeOOH. Ghods et al. 20 investigated passivity and chloride-induced depassivation of carbon steel in simulated concrete pore solution (pH=13.3) Their work suggested that the oxide films close to the steel substrate were mainly composed of protective Fe 2+ oxides; whereas, the film near the free surface consisted mostly of Fe 3+ oxides. This duplex structure was also reported by Haupt 22 investigated passivity of iron in 0.1 M NaOH by in-situ X-ray absorption near edge spectroscopy and a laser reflection technique. Their work suggested that a 10 nm iron film can convert completely to an oxide film from the metallic state, and a porous Fe 2+ -oxide/hydroxide film was formed at potential smaller than −1.4 V(MSE).
The oxide film thickness may be estimated from Fe 2p spectra as measured by X-ray photoelectron spectroscopy (XPS). The accuracy of the thickness values obtained from the Fe 2p spectrum reconstruction decreases with increasing film thickness, with best accuracy for film thickness between 1 and 4 nm. 23 Ghods et al. 20 used the Fe 2p spectra of XPS to suggest that the oxide film thickness of carbon steel in simulated concrete pore solution (pH = 13.3) is about 5 nm. Montemor et al. 19 suggested that the passive film formed on a carbon steel in solutions simulating the concrete interstitial electrolyte is about 80 to 110 nm.
As the oxide film thickness on carbon steel is usually smaller than 5 nm, direct imaging of the film requires use of electron microscopy. Gunay et al. 24 used annular dark field scanning transmission electron microscopy (ADF-STEM) and electron energy loss spectroscopy (EELS) to investigate the atomic structure of oxide films formed on carbon steel exposed to highly alkaline simulated concrete pore solutions. The images of the oxide film showed three different layers with total thickness close to 10 nm. In the presence of saturated Ca(OH) 2 25 used in-situ electrochemical scanning tunneling microscopy to take images of the iron surface after conducting cyclic voltammetry. Their work suggested that formation of facets can be observed on surface of iron after cycling to −0.95 V(Ag/AgCl), but the surface of iron became smooth again after sweeping to −0.80 V(Ag/AgCl).
The properties of oxide film on iron and carbon steel have also been studied by different electrochemical approaches. Sánchez et al. 26 used EIS to analyze two different cases of passive films: a passive layer spontaneously grown in a high alkaline media and a passive layer assisted by the application of an anodic potential in the same media. Freire et al. 27 conducted impedance measurements for AISI 1040 mild steel at −0.2 V(SCE) and +0.2 V(SCE)in 0.1 M NaOH + 0.1 M KOH after 3 days of immersion. They reported that the impedance results suggested a partial coverage of oxide film on the surface, which corresponded to atomic force microscopy results. Chen and Orazem 28 conducted impedance measurements for ASTM A416 steel in simulated pore solution. Their work suggested that the impedance responses of ASTM A416 steel showed porous electrode behavior that diminished with time, and, from their impedance results, corrosion rate and oxide film thickness of ASTM A416 steel were estimated.
The objective of this work is to explore the use of high-angle annular dark field scanning transmission electron microscopy (HAADF-STEM) 29 to image the oxide film on ASTM A416 steel and to use repeated measurements to explore the extent to which ρ δ may be considered a property of the oxide film. The value of ρ δ was then used to explore the influence of system properties on the oxide film grown in alkaline simulated pore solution. The present work represents an extension of the work presented by Chen and Orazem 28 in that a refined value of ρ δ provided greater confidence in the estimated values of film thickness and sensitivity is shown to sample variation among coupons of the same nominal composition. 
Experimental
The calibration experiments performed included impedance measurements on a specimen subsequently subjected to surface analysis to identify composition and film thickness. The coupon size was constrained by the need to conform to the sample requirements of the analytical instrumentation. The other experiments were performed on cylindrical specimens encased in epoxy to expose the face of the cylinder to the electrolyte. The chemical composition of the simulated pore solution and the nominal composition of the ASTM A416 steel are presented in this section. The exposure time for the calibration experiments was limited to 24 hours; whereas, much larger exposure times could be achieved with the insulated cylindrical specimens.
Materials.-The procedure for preparation of simulated pore solutions, following the recipe presented by Li and Sagüès, 30 was that reported by Chen and Orazem. 28 The electrolyte composition is presented in Table I .
This solution was intended to simulate the environmental conditions for steel strands within cement grout. A 5 mm × 50 mm platinum sheet was used as the counter electrode. The reference electrodes employed were mercury/mercuric oxide (1 M KOH) and saturated calomel (SCE). The working electrode was a 5 mm diameter, ASTM A416 steel rod (Sumiden Wire Products) embedded in epoxy resin to expose the circular face of the rod. The nominal composition of the ASTM A416 steel is presented in Table II. While nominally the same, the properties of the steel specimens showed some variability. The XPS analysis, presented in subsequent sections, suggests that Si can be detected from one steel but cannot be detected from the other. For the present work, the ASTM A416 steel for which Si could be detected is termed Steel No. 1; whereas, the ASTM A416 steel, whereas, for which Si could not be detected is termed Steel No. 2.
Instrumentation.-A Gamry reference 600 potentiostat was used to conduct all electrochemical measurements. A VWR Scientific Model 1160 temperature controller was used to control the electrolyte temperature at 298 ± 1 K.
Electrochemical protocol.-The working electrode was polished sequentially with #120, #320, #600, #800 and #1200 grit silicon carbide papers to yield a smooth working electrode surface. After this procedure, the steel surface was further polished by 1 μm alumina powder to a achieve mirror finish. The working electrode was subsequently degreased with ethanol and washed with water before each experiment. Experiments were performed with a stationary electrode.
Cathodic pre-treatment was applied to the working electrode at −1.1 V(Hg/HgO) for one hour to remove any oxide film that may have formed on the specimen surface. Impedance measurements were taken with frequencies ranging from 500 Hz to 0.05 Hz and with a perturbation amplitude of 5 mV after an elapsed time at least 2 hours.
The frequency range used for regression analysis was constrained by the characteristic frequency associated with geometry-induced frequency dispersion. The frequency at which the current and potential 
where κ is the electrolyte conductivity, C 0 is the electrode capacitance, and r 0 is the radius of the disk electrode. The influence of highfrequency geometry-induced time-constant dispersion can be avoided for reactions that do not involve adsorbed intermediates by conducting experiments below the characteristic frequency given in Equation 8. For example, from the values of the regressed parameters of impedance data after 300ks in Table IV , the characteristic frequency is 2.2 kHz. While the maximum frequency reported for most measurements was 500 Hz, some measurements for No. 2 steel had a maximum frequency of 10 kHz. To eliminate the confounding effect of geometry-induced frequency dispersion, such impedance data were truncated by removing data measured at frequencies higher than 2.2 kHz.
Calibration Experiments.
-To obtain values for ρ δ , the steel was cut to a 5 mm diameter cylinder with the height smaller than 5 mm, and the polished disk side was placed in contact with the simulated pore solution such that surface tension forces kept the face of the electrode exposed to the electrolyte and the sides of the cylinder were not immersed. The coupon was immersed in electrolyte for an elapsed time of 24 h, sufficient to establish a stable oxide film. After 24 h, impedance measurements were performed and the electrode was removed from electrolyte, rinsed with successively with deionized water, ethanol, and deionized water, and allowed to air dry before surface analysis was performed.
Corrosion studies.-The electrochemical techniques employed included measurement of polarization curves, linear sweep voltammetry, cyclic voltammetry, and electrochemical impedance spectroscopy.
Surface analysis.-The oxide film was analyzed ex-situ by several different techniques. The chemical composition of the oxide film was investigated by XPS. The oxide film thickness was analyzed by HAADF-STEM. A FIB was used for specimen preparation.
XPS.-An ULVAC-PHI 5000 VersaProbe II was used to perform the XPS analysis using monochromatic Al X-rays and a spot size of 200 μm in diameter. The X-ray gun was operated at 43.9 W. The chamber pressure during analysis was kept below 1 × 10 −6 Pa with a pass energy of 93.90 eV. The survey scans were performed at the emission angles of 45
• .
Focused-ion beam specimen preparation.-An FEI DB235 dualbeam scanning electron microscope/Ga
+ FIB was used to prepare cross-sectional specimens for TEM and HAADF-STEM imaging using an in-situ lift-out method described elsewhere. 33 Prior to performing FIB milling, the surface of the specimens was protected via in-situ electron-beam-assisted deposition of Pt or via ex-situ sputter deposition of AuPd. The final stages of FIB milling were performed using a 5 keV Ga + beam to reduce the final damage layer of the specimen.
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HAADF-STEM.-A JEOL 2010F transmission electron microscope operating at 200 kV was used to perform HAADF-STEM imaging. HAADF-STEM images were collected using an Oxford Instruments digital image-capturing device.
Results
Results are presented for the calibration experiments, in which coupons were examined by electrochemical methods before being subjected to surface analysis, and corrosion experiments in which electrochemical methods are used to explore the properties of ASTM A416 steel in alkaline electrolyte. Calibration experiments.-The purpose of the calibration experiment was to obtain a value for the parameter ρ δ which can be used to extract oxide film thickness from CPE parameters. EIS measurements were performed on the coupon to obtain CPE parameters α and Q. HAADF-STEM was employed to obtain film thickness, and XPS was employed to identify composition differences between No. 1 and No. 2 steel.
Impedance spectroscopy.-Nyquist plots are presented in Figure  1 for the impedance data collected in the calibration experiments after an elapsed time of 24 h. The solid lines represent the fit of the process model discussed in a subsequent section. The corresponding ohmic-resistance-corrected phase angle and magnitude plots (not shown) demonstrated that the model provided excellent fits to the data throughout the measured frequency range. The labels 2(a) and 2(b) in Figure 1 represent two samples of #2 steel, with measurements performed using the same protocol. Measurements performed on the same coupon were very reproducible; thus, these differences represent differences between two coupons with the same nominal composition.
The oxide film thickness, δ, was estimated from CPE parameters by use of the model developed by Hirschorn et al. 9, 10 in which the oxide resistivity was assumed to have a modified power-law dependence on position. The oxide film thickness can be estimated from
Equation 9 requires values for the dielectric constant, assumed to be uniform, and the resistivity at position y = δ. Based on the cyclic voltammetry results presented in a subsequent section, the dielectric constant of the oxide was assumed to be that of magnetite, i.e.,
. 34 Surface analysis.-The properties of the oxide film on ASTM A416 steel exposed to simulated pore solution were analyzed by several different approaches. Table III . The standard deviations for the CPE parameters were obtained from the Levenberg-Marquardt regression, and the standard deviations for film thickness were estimated to be 1 nm for No. 1 steel and 0.5 nm for No. 2 steel.
As shown in Figure 3 , the resulting values for ρ δ followed a log normal distribution. Application of the paired Student's t-test showed that the null hypothesis, that the means for ln(ρ δ ) are equal, could not be rejected. Thus, the distribution of ρ δ was assumed to be described by ln(ρ δ / cm) = 11.2 ± 1.53 [10] or ρ δ = 7.64 × 10 4 cm. This value is substantially larger than the value of 450 cm reported for an oxide on Fe17Cr steel. cyclic voltammetry are presented in Figure 5 . Calcium peaks in Figure  5 suggest that calcium plays a role in the oxide film composition. It may be attributed to the deposition of Ca(OH) 2 from reaction with hydroxide ions produced by the cathodic oxygen reduction reaction
As the solubility product K sp for Ca(OH) 2 is 6.5 × 10 −6 , 35 a slight increase of the concentration of OH − would cause deposition of Ca(OH) 2 . The presence of Ca(OH) 2 in the oxide film suggests that oxide film thickness estimation based on iron peaks of XPS, used by several different studies, 20, 36 may be inaccurate. The precipitation of calcium has been addressed previously. Page 37 postulated that a dense continuous cement-rich layer containing precipitated calcium hydroxide was formed at the steel-concrete interface when concrete was cast against a steel bar. Suryavanshi et al. 38 also found that steel taken from a mortar specimen was covered with a thin dense white deposit, approximately 10 to 15 μm in thickness, which showed a strong calcium peak in the EDX spectrum. However, Glass et al. 39 examined the steel-concrete interface by backscattered electron microscopy and observed no continuous Ca(OH) 2 layer.
Application of electrochemical methods to ASTM A416 steel.-
The electrochemical approaches used in this paper to investigate the corrosion behavior of ASTM A416 steel include polarization curves, linear sweep voltammetry, cyclic voltammetry, and electrochemical impedance spectroscopy.
Polarization curve and linear sweep voltammetry.-As shown by
Chen and Orazem, 28 the polarization curves for steel in alkaline media are strong functions of sweep rate. Thus, the steady-state polarization curve was found by first allowing the system to reach a steady corrosion potential at open circuit and then setting the desired potential and measuring the resulting current until a steady value was achieved. Each measurement began with a freshly polished sample, and the time required for each measurement was on the order of 24-85 hours. The results are presented in Figure 6 Figure 7 . The results obtained in the present work may be compared to the results presented by Joiret et al. 40 Based on a comparison to their work, the possible oxide film compositions for No. 1 steel (labeled (1) in Figure 7 Figure 8 , and the corresponding results at the open-circuit potential after steady state was reached are presented in Figure 9 . After two hours exposure, as seen in Figure 8 , a porous electrode behavior was observed was observed for both No. 1 and No. 2 steels. The porous electrode behavior is represented by an angle with respect to the real axis of 33
ks (2 h) is presented in
• (steel No. 1) and 43
• (steel No. 2) for data in the frequency range from 10 to 1 Hz (see, e.g., de Levie 41 ). The impedance data of No. 1 steel below 1 Hz shown has a slight curvature, suggesting that a finite value for corrosion rate may be estimated.
After steady-state was reached, the low-frequency impedance data collected reveals an angle with respect to the real axis of 44
• for steel No. 1 (label (1) in Figure 9 ) or 65
• for steel No. 2 (label (2) in Figure 9 ). These results suggest that a porous electrode behavior is evident to a lesser degree for No. 1 steel; whereas, blocking behavior, generally associated with an oxide film, is evident for Steel No. 2. For both cases, the low-frequency data show a straight-line, suggesting that, after 300 ks, the corrosion rates were too small to be measured by impedance within the measured frequency range. Thus, the results presented in Figure 9 indicate that the level of passivity of ASTM A416 steel at the open-circuit potential in alkaline simulated pore solution increased with time.
Differences among results presented in Figures 1, 8 , and 9 can be attributed in part to differences in elapsed time, i.e., 24 h, 2 h, and 83 h, respectively. While impedance measurements for the same coupon were highly reproducible, some variability was seen for measurements with different steels of the same nominal composition. As shown in the present work, the model used to extract physical parameters could account for these variations.
The imaginary-impedance-derived phase angle and ohmicresistance-corrected magnitude of impedance are presented in Figures 10 defined following Alexander et al. 42 as
The low-frequency phase-angle information for steel No. 1 is consistent with the information obtained from the Nyquist plots in Figure  8 and 9. After a short exposure, the phase angle defined by Equation 13 reached a plateau value of 33
• . After a steady-state condition was obtained, the phase angle had a value of 44
• . The imaginary-impedance-derived phase angle obtained at 7.2 ks for steel No. 2 was less conclusive, but a low-frequency phase angle of 65
• is evident after 300 ks, when a steady state was achieved. To emphasize the comparison between model and data at high frequency, the magnitude presented in Figure 11 was adjusted by subtracting the ohmic resistance, following Orazem et al., 43 i.e.,
The match between the model values and data shown in Figures 10  and 11 suggest that the process models discussed in the subsequent section provided an excellent fit to the data.
Process Model Development
A process model was used to interpret physical and chemical phenomena of impedance data. The oxide film thickness was estimated by use of the power-law model, 9 and the corrosion rate was obtained from the anodic charge transfer resistance.
Before steady-state was reached, both No. 1 and No. 2 ASTM A416 steel showed porous electrode behavior that could be fit by the process model proposed by Chen and Orazem, 28 i.e.,
where Z c , associated with oxygen reduction, has the general form expressed in terms of lumped parameters as [16] where [17] represents the interfacial impedance on the wall of porous electrode, [21] and
The parameters of interest for the present study are α and Q, from which oxide film thickness may be inferred, and R t,a , which gives information concerning the corrosion rate. After steady-state was reached, the No. 1 ASTM A416 steel still showed porous electrode behavior. Observation of porous electrode behavior may be attributed to the presence of FeOOH in the oxide film, in agreement with the cyclic voltammetry results shown in Figure 7 . Schmuki et al. 22 suggested that reduction of the Fe(III) oxide takes place at potentials V < −1 V(SCE) and the entire film is converted to an Fe(II)oxide/hydroxide. The Fe(II) film must be porous to allow, in the following anodic cycle at V > −0.9 V(SCE), a new passive film to grow below the porous layer. As the potential reaches V > 0.7 V(SCE), the Fe(II) in the outer porous layer is oxidized to Fe(III).
As porous electrode behavior could not be observed after a steady state was reached for No. 2 ASTM A416 steel, the model shown in Figure 12 was used. The mathematical model for the total impedance in this case can be expressed as
[23] The circuit shown in Figure 12 was used by Joiret et al. 40 for an stationary iron electrode in 1 M NaOH. As the corresponding HAADF-STEM images shown in Figure 2c and 2d suggest that the oxide film covers the entire ASTM A416 steel uniformly, the faradaic reaction is envisioned to take place on the surface of the oxide layer. Experiments reported in the literature indicated that water still exists in passive oxide films. 44, 45 The physical interpretation of the equivalent circuit shown in Figure 12 can be expressed as an electrode coated with an inert dielectric layer. Within the dielectric layer, the resistance R f , is associated to a redox process in the passive layer between magnetite and iron(III) oxides. 46 The insulating part of the coating can be considered to be a constant-phase element, with parameters Q 1 and α 1 , under the assumption that the film has a distribution of resistivity normal to the electrode surface. The term R 2 accounts for the faradaic reaction taking place on the surface of the dielectric layer. The parameters Q 2 and α 2 can be attributed to a surface distribution on the oxide film.
This type of impedance response can be observed when FeOOH is not present in the oxide film. The corresponding cyclic voltammetry results are labeled (2) in Figure 7 . The corresponding oxide film composition includes FeO, Fe(OH) 2 , and Fe 3 O 4 . However, FeO is thermodynamically unstable below 575
• C, tending to disproportionate to metal and Fe 3 O 4 .
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Discussion
The curve-fitting results shown as lines in Figures 1 and 8-11 suggest that the models provide accurate fits to the experimental data. The anodic charge-transfer resistance, R t,a , may be used to provide an estimate for the corrosion rate. The values for Q and α associated with the constant-phase element may be used to estimate oxide film thickness by use of the power-law model developed by Hirschorn et al. 9, 10 The value of ρ δ , required for application of the power-law model was obtained by calibration.
Measurements at the corrosion potential.-Parameters extracted from the fitting procedure for the data presented in Figures 8 and 9 for No. 1 and No. 2 steel are presented in Table IV . The anodic chargetransfer resistance, R t,a , could only be extracted from impedance data after an elapsed time of 7.2 ks (2 h) for No. 1 steel. The observation that a statistically-significant value for the anodic charge-transfer resistance could not be extracted from fitting procedure after steady state was reached (300ks) suggests that the steady-state corrosion rate was too small to be measured at the open-circuit potential. For No. 2 steel, porous electrode behavior was observed for an elapsed time of 7.2 ks, but a statistically significant value for the anodic charge-transfer resistance could not be obtained. The model represented by Figure 12 was used for data collected after an elapsed time of 300 ks. As a statistically significant value for R 2 could not be obtained, corrosion rates could also not be estimated for No. 2 steel at the corrosion potential.
The film thicknesses reported in Table IV for No. 1 and No. 2 steel followed a log normal distribution. Thus, the confidence intervals are reported for ln(δ/nm). When the standard deviation for ln(δ/nm) was smaller than 0.2 nm, the distribution approximated a normal distribution log normally distribution, as was reported by Orazem et al. 17 Thus, a linear propagation of error analysis could provide a valid confidence interval for δ for the measurement at an elapsed time of 7.2 ks, but the Monte Carlo analysis was required for the measurement at an elapsed time of 300 ks. The film thickness values reported as δ correspond to values calculated directly from Equation 9 . These values were in good agreement with the value calculated from the mean of (ln δ/nm). The film thickness for No. 1 steel differs from that reported in an earlier publication 28 due to the change in the assumed values for dielectric constant and ρ δ . Nevertheless, the film thickness was still larger after steady state was reached.
Influence of applied potential.-Parameters extracted from the fitting procedure for steady-state impedance scans measured at different applied potentials for No. 1 steel are presented in Table V . An anodic charge-transfer resistance could be extracted only for No. 1 steel polarized at +0.22 V(Hg/HgO) The film thickness was found to be larger for potentials more positive than the open-circuit potential and smaller for potentials smaller than the open-circuit potential. The decrease of oxide film thickness at more negative potentials is in agreement with use of cathodic pre-treatment to remove air-formed oxide films.
Parameters extracted from the fitting procedure at different applied potentials for No. 2 steel are presented in Table VI . The oxide film thickness was found to increase with potential, but was smaller than for the No. 1 steel. A value for R 2 could not be extracted for any of the tested potentials. This behavior suggests that No. 2 steel has better corrosion resistance at positive applied potentials.
The nature of the film-thickness distributions obtained by Monte Carlo simulations is demonstrated in Figure 13 for No. 2 steel at a potential of −0.38 V(Hg/HgO), shown in Table VI . The log normal distribution for δ is shown in Figure 13a , where the solid line represents a log normal distribution. The corresponding distribution for ln(δ) is given in Figure 13b , where the solid line represents a normal distribution. As shown in Table VI, δ = 1 nm and the distribution is given as(ln δ/nm) = 0.005 ± 0.5. 
Conclusions
The corrosion behavior of ASTM A416 steel in alkaline electrolyte was investigated by electrochemical and surface analysis approaches. The power-law model developed by Hirschorn et al. Fe17Cr steel formed in 0.05 M H 2 SO 4 (pH 1.3) electrolytes. 18 This result supports the argument that ρ δ is a material property that may be considered constant for a given oxide grown under a given condition, but may be expected to vary as a function of oxide composition and growing conditions.
A steady state was typically achieved in about 24 hours for ASTM A416 steel in alkaline electrolyte. The measured current from No. 1 ASTM A416 steel was found to be about 100 times larger than the steady-state current of No. 2 steel. The cyclic voltammetry and XPS results supported the observation that the nominally identical No. 1 and No. 2 steel had different silicon content and different corrosion products. The difference in silicon content is, at this point, just an observation, and there may be other important differences in composition that were not observed.
Before steady-state was reached, the impedance of ASTM A416 steels in alkaline simulated pore solution showed porous electrode behavior. After steady-state was reached, the No. 1 ASTM A416 steel still showed porous electrode behavior; whereas, the impedance response of the No. 2 ASTM A416 steel showed blocking behavior. Both models included CPE parameters associated with the oxide film. Application of the power-law model allowed extraction of film thicknesses. The film thickness for No. 1 steel was between 2-6 nm; whereas, the film thickness for No. 1 steel was between 1-2 nm.
The power-law model has shown good agreement with experimental ex-situ evaluation of oxide film thickness by XPS and, in this case, by HAADF-STEM, even for systems that show semiconducting behavior. Work is needed to understand the connection between power-law analysis and methods such as Mott-Schottky analysis for systems showing CPE behavior.
